ABSTRACT Studies carried out on the occupational exposure to paraquat of plantation workers in Malaysia comprised quantitative estimates of dermal and respiratory exposure of knapsack spray operators, carriers, and rubber tappers operating under their normal working conditions. Spray operators have been shown to be dermally exposed to paraquat by walking through recently sprayed vegetation and into their own spray, regular adjustment and unblocking of spray nozzles and leakage, and overfilling of knapsack spray tanks. Carriers also received measurable dermal exposure from walking through recently sprayed vegetation and accidental spillage when carrying and loading. The infrequent and negligible dermal exposure of tappers resulted from walking through recently sprayed vegetation. Determinations of the total airborne paraquat concentrations in the breathing zone show that spray operators and carriers are exposed to an order of 1 % or less of the current TLV for respirable paraquat. No paraquat was detected in the breathing zones of tappers working in simultaneously sprayed blocks. The calculated ranges of dermal and respiratory exposures, when compared with published data on both the exposure to, and the toxicity of, paraquat, indicate that there should be no toxicological risk to any of the three groups studied as a result of using paraquat.
Dermal and respiratory exposures to paraquat were estimated using the procedure described in the WHO Standard Protocol5 with the following modifications:
(1) Dermal exposure pads consisted of polyethylene-backed Whatman Grade 542 filter papers, with an exposed filter surface area of roughly 80 cm2.
(2) These pads were applied to skin (if directly exposed) or clothing as follows: left arm-(a) midforearm (upper surface), (b) mid-upper arm; left leg -(c) mid-lower leg, or if boot worn, below knee (d) mid-thigh; trunk-(e) sternum beneath clothing (f) upper chest over shirt close to "v" of neck; (g) lower back, beneath knapsack sprayer (spray operators only); head-(h) forehead.
(3) On completion of spraying, whole pads were removed and stored individually in sealed labelled polyethylene bags and were subsequently returned to Britain for analysis of paraquat content.
(4) Respiratory exposure was determined using Rotheroe-Mitchell* L2SF personal air samplers, operated at a flow rate of 2 1 air/min for the entire duration of each survey. The instrument flow rates were calibrated before and after each survey using a GAPt flow-meter with a range of 0-5 1 air/min. Total paraquat aerosol (all droplets irrespective of size) was collected on 2 5 cm diameter filter papers, Whatman No 1 or 542, located in sampling heads in the breathing zone. These filters have collection efficiencies of 100% for particle sizes down to 2 ,um diameter.
(5) Urine samples were collected from all survey participants immediately after completion of spraying. Each worker was instructed to exercise care in giving the samples to avoid accidental contamination of the sample with paraquat-for example, from contaminated hands or clothing. All samples were stored individually in labelled polyethylene vials containing azide as preservative and maintained at 4°C pending analysis of paraquat content. STUDY 
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(1) Dermal exposure of rubber tappers-A group of 10 tappers was randomly selected from the working tapper population on Sagil Estate, and their dermal exposure to paraquat was monitored over 18 consecutive working days. The procedure for this was exactly as previously described, with exposure pads located on skin or beneath clothing as follows: (a) forehead; (b) "v" of neck; (c) sternum beneath shirt; (d) mid-left forearm; (e) mid-left thigh; and (f) mid-left lower leg. (2) Dermal and respiratory exposure of tappers in sprayed areas-A group of five tappers was surveyed in a block simultaneously sprayed with a paraquatcontaining herbicide formulation. Dermal exposure was estimated as previously described. In addition, the dermal exposure of the legs beneath clothing was estimated using a Tubigrip+ or Macrom Stockinette tubular support bandage. § This was located adjacent to the skin from the top of the right thigh to the ankle. All pads and bandages were removed on completion of tapping and stored as previously described.
Respiratory exposure was determined for each tapper in the second of the two surveys as previously described.
(3) Dermal and respiratory exposure of spray operators-From the first study, the dermal exposure of the legs and hands had been identified as being potentially important. Therefore, an attempt was made to assess more realistically the exposure of these body areas by using a better method than was previously used. Tubigrip bandages were used to estimate the penetration of paraquat through clothing to the underlying skin of the legs. They were located on the left legs of five spray operators in surveys 1 and 2 and on both legs in surveys 3 and 4.
In this second series of measurements the dermal exposure of the hands was estimated using white cotton gloves worn throughout the work period. Removal and storage of Tubigrip and gloves were as previously described.
Respiratory exposure was determined as previously described Although the trouser material also became wet, spray "run-off" did not occur because of the thickness of the material relative to that of the pads. The dilution of paraquat concentrate was one fluid ounce to one gallon of water (equivalent to 6-3 ml concentrate to 1 litre of water), and the measured paraquat concentration varied from 0-1 to 0-2 %. The standard spray equipment used was a knapsack sprayer of three gallons capacity, and the nozzle either a polijet, a solid cone, or a fanjet. The application rates used ranged from 135 to 169 1/ha. The crops in which herbicide spraying for weed control took place on the occasions of the surveys were rubber, cocoa, or oil palm, and considerable variation in weed height and terrain was noted.
On the estates visited during the first study it was standard practice at the central chemical store to dilute the herbicide concentrates with water in a transportable tank, which was then towed out to the block in which spraying was to take place. On Sagil Estate (the location for all surveys of the second study) it was standard practice to dilute the concentrates in the field using water dispensed from a transportable tank. group Lower limit of detection 6 ,ug/25 cm2 for pads and 0 04 mg/sample for Tubigrip and Stockinette. Penetration through trouser material was determined for each spray operator in each of the four surveys of study 2 (table 7) . A mean exposure of 2 8 Lower limit of detection 0-05 Ag/ml.
(0-02-11-6) mg paraquat/h was calculated for the legs. The dermal exposure of the hands exceeded that of the legs in most operators, and mean exposure was calculated to be 4 2 (0 5-11 9) mg paraquat/h. The overall, mean contribution of hand and leg exposure to total exposure was calculated to be 7 0 (0-5-15-5) mg paraquat/h, equivalent to a dermal dose contribution of 0-13 (0 009-0 3) mg/kg/h.
RESPIRATORY EXPOSURE
From the first study, the mean paraquat concentration in air was determined to be 0 97 ,ug paraquat/m3 for spray operators (table 8) . The mean concentration from the second study was 4 9 ,ug paraquat/m3 ( 
Discussion
The dermal exposure data obtained during the first study may be interpreted in two ways. The first takes into consideration only those body parts not covered by clothing, and a necessary assumption is made that the clothing worn afforded complete protection to the underlying skin. The second method of interpretation takes into consideration the contamination of clothing in addition to the direct exposure of unclothed body parts, and is based on the assumption that a proportion of the paraquat on clothing must have penetrated to the underlying skin. For the purposes of calculation, "worst case" exposure has been assumed-that is, 100 % penetration. The estimate is, therefore, one of maximum potential exposure. Consideration of the dermal exposure data of this first study indicates that the mean total exposure for spray operators was influenced by a few, very high potential exposures of the legs. These resulted from the accidental self-spraying and spillage of the dilute spray formulation that was seen. Actual dermal exposure is considered to be between the two calculated extremes of 2-2 mg (unclothed) and 66-1 mg (clothed) paraquat/h depending on the degree of penetration of clothing by paraquat. Although few directly comparable studies have been reported, Staiff et a12 carried out similar studies on field tractor applicators and garden pressurised hand spray applicators. Using a method of interpretation similar to the first method described above, they obtained mean dermal exposure of 0-4 (0-01-3-4) mg and 0-29 (0-01-0-57) mg paraquat/h respectively. These may be compared to the 2-2 (0-12-4) mg paraquat/h in this study. The highest dermalrespiratory exposure seen by Staiff et al,2 roughly 3-4 mg/h, represented only 0-06 % of a toxic dose per hour of exposure. The highest dermal exposure of 12-4 mg/h during study 1 represents 0-25 % of a toxic dose an hour. Hogarty,3 in a study of knapsack spray operator exposure to paraquat, reported only two paraquat-positive gauze patches in a total of 87 analyses. The gauzes were located on the neck of one operator and the wrist of another, and both were close to the limit of detection. Hogarty concluded that there was little likelihood of dermal contamination when protective clothing is worn.
When actual dermal exposure of the legs was measured, using Tubigrip bandages placed beneath clothing from the ankle to the thigh of each spray operator in the second study, penetration of paraquat was detected during each of the four surveys (table 7) . If the overall mean leg exposure of 2-8 mg paraquat/h is related to the mean paraquat contamination of leg exposure pads from the first study (58-8 mg paraquat/h), it is possible to obtain an estimate of the "penetrability ratio", which indicates about 5 % penetration through clothing by paraquat. If the crop type and weed height are considered, the lowest leg exposure occurred during spot-spraying of relatively shorter weeds in cocoa (survey 2). The highest leg exposure occurred during survey 4, in which there was a combination of spot-spraying in cocoa and strip-spraying in rubber. The former took place on flat terrain, whereas the latter took place mainly on sloped terrain. Thus there appears to be a difference in the degree of leg exposure according to the type of ground spraying carried out.
The overall mean exposure of the hands of spray operators from the second study of 4-2 mg paraquat/h, when compared with the mean exposure of 1-2 mg paraquat/h from the first study, is a more realistic assessment as the latter used forearm exposure data extrapolated to hand exposure. In three of the four surveys of spray operator exposure in the second study mean hand exposure exceeded mean leg exposure, and in two of these by a considerable margin. This incidence of hand exposure is to be expected when work practices are considered.
The operators often handled the spray nozzles in an attempt to align them correctly or to unblock them. One operator was even observed to wash her hands in the spray tank of diluted herbicide formulation after lubricating the knapsack sprayer mechanism with oil. It is readily apparent that certain spray operators were less hygienic in their work practices than others. Consideration of the data (table 7) shows that operator number 5 received consistently higher dermal exposure relative to that of the remaining four operators. This was primarily the result of contamination of the hands, as the pattern of leg exposure was similar for all operators.
Overall, the dermal exposure of spray operators to paraquat did not represent a toxicological hazard, and this conclusion is supported by the epidemiological survey carried out by Howard et al,4 which showed that there were no quantifiable harmful effects on health attributable to paraquat.
The major source of dermal exposure of carriers (table 4) was contamination when walking through recently sprayed vegetation and accidental spillage during carrying and loading, and is insufficient to cause concern.
The dermal exposure data for tappers (table 4) indicate that no measurable exposure to paraquat occurred. The block in which the tappers were working had been sprayed with paraquat eight days previously, and residual paraquat was not expected to be present. Data from the 18 surveys of tapper dermal exposure conducted during the second study showed that three tappers were exposed to paraquat on three separate occasions. The tapper working population was thus deemed to be an exposed group and as such was not included in the epidemiology study on health being carried out simultaneously (Howard et a14), despite the fact that their exposure to paraquat was infrequent and negligible.
The two surveys to determine tapper exposure in simultaneously sprayed blocks showed that leg contamination can occur while walking through recently sprayed vegetation. In only one case was penetration through clothing to Tubigrip or Stockinette determined, giving a dermal dose of 7 x 10-4 mg paraquat/kg/h, which may be considered negligible.
In relation to the interpretation of the respiratory exposure data, the following information is of direct relevance. Knapsack sprayers with fan, cone, and red polijet nozzles are said to produce droplet size distributions with volume mean diameters in the range 200-400 ,tm." The droplet size distributions of standard knapsack spray jets of the swirljet and polijet type have been characterised by Hogarty,3 who found that the respirable fraction generated by these spray systems was in the order of 0 001 % of the total spray volume. He also showed that a spray operator might be exposed to, on average, 500 respirable droplets, as only the smaller particles produced by the sprayer will tend to reach the breathing zone. The respirable fraction, therefore, constituted a higher percentage of total spray reaching the breathing zone. It was emphasised that the total amounts were a very minute fraction of the total spray volume. Droplets smaller than 10 ftm could be produced by evaporation, but this is unlikely in the tropical climate of Malaysia with its very high humidity. Probably, therefore, the respirable component of the total spray emitted by the spray systems used in these studies was similarly minute.
The 
Conclusions
These studies show that of the three groups of workers surveyed, spray operators are the most exposed group. Tappers, while exposed to extremely low levels of paraquat, cannot be considered an unexposed group.
A comparison of the published data on dermal and respiratory exposure to paraquat with the calculated exposures from these studies shows that there should be no toxic hazard to the three groups of workers as a consequence of its use.
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